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Abgtract : A GaA s based micro-opto-€lectro- mechanical- systems(MOEMS) tunable resonant cavity enhanced (RCE)

photodetector with a continuous tuning range of 31nm under a 6V tuning voltage is demonstrated. The single cantile-

ver beam structure is adopted for this MOEM S tunable RCE photodetector. The maximum and minimum peak quan-

tum efficiency during the tuning are 36. 9 % and 30. 8 % ,respectively. The maximum and minimum f ull-widt h-at- half-
maximum (FWHM) are 20nm and 14nm ,respectively. The dark current density is 7. 46A/ m® without bias.
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1 Introduction

Optical fiber and wavelength divison multi-
plexed (WDM) communication systems have led to
great increase in available transmisson bandwidth
and routing and interconnect schemes. Despite
these great advantages,the practical implementa
tion of the WDM network has been limited by the
availability of suitable and inexpensve multiwave-
length sources and detectors'” . Micro-opto-electro-
mechanical-systems (MOEMS) tunable optoelec
tronic devices such as wavelength tunable fil-
ters®® | vertical cavity surface emitting lasers
(VCSEL 9 “* light emitting diode (L ED)'® ,and
detectors”! fabricated by MOEMS technology are
attractive for WDM purposes due to their wide
continuous tuning range and potential low cost.

Article 1D : 0253-4177(2005) 06-1087-07

These MOEMS optoelectronic devices realize the
tunability using distributed Bragg reflectors(DBR)
and cantilever beams.

In this paper ,we present a GaA s based MO-
EM S tunable RCE photodetector with single canti-
lever beam fabricated by a developed technology
which is compatible with the technologies of stand-
ard surface micromaching and photodetector fabri-
cation. Fabrication and demonstration of this MO-
EMS tunable RCE photodetector has been repor-
ted. The device achieves 31nm continuous tuning
range under a low 6V tuning voltage and the char-
acteristics over tuning range are basically uniform.
The MOEM S tunable RCE photodetector ,which is
part of a family of surface normal devices,is ideal
for robust WDM systems and lowers the compo-
nent cost by reducing the wavelength selection ,ag-
ing, and environment tolerances placed on the
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sources.

2 Principlesof MOEMStunable RCE
photodetector

The RCE photodetector isapart of afamily of
RCE type devices”'. The performances of these
RCE type devices are improved by placing the ac-
tive layers structure insde a Fabry- Perot resonant
cavity. Such RCE type devices benefit from the
wavelength selectivity and the large increase of the
resonant optical field introduced by the resonant
cavity. For the RCE photodetector ,the increased
optical field allows the RCE photodetector active

1+ Re™

layers structure to be thinner and thusfaster ,while
s multaneoudy increas ng the quantum efficiency at
the resonant wavelength. Snce off-resonance wave-
lengths are rejected by the cavity ,RCE photodetec-
tors having both wavelength selectivity and high
speed response make them ideal for WDM applicer
tions. Commonly the RCE photodetector conssts
of top and bottom DBRs,an active region sand-
wiched between two spacer layers,and a semi-insu-
lating substrate. The quantum efficiency can be de-
termined following a procedure smilar to the one
in Ref.[7]. Applying this method ,the quantum ef-
ficiencyn as afunction of wavelengthA can be ex-
pressed as

n =
1-2 JRiRe™cos(BL +Y1 +Y2) + R Re€

where R and R: are the reflectivities of the top and
bottom DBRs ,respectively ff and d are the absorp-
tion coefficient and thickness of the active layers,
resgpectively ,L isthelength of the resonant cavity ,
andP isthe propagation constant. Assumingd disa
certain value ,the maximum quantum efficiency oc
curs at

R = Re ™ (2)
The detail s about the RCE structure design can be
foundin Ref.[7].

For the MOEM S tunable RCE photodetector ,
the tunable part is based on a Fabry- Perot (FP) in-
terferometer , conssting of two paralel mirrors
with high reflectivity. The absorbing wavelength of
the RCE photodetector can be modulated by shift-
ing the P resonance ,either by modulating the re-
fractive index or the effective length of the cavity.
L arge wavelength tuning range can be realized by
modulating the effective cavity length. Almost all
MOEMS tunable devices typically have an air-gap
cavity sandwiched by dielectric or semiconductor
DBRs. The movable DBR is held by cantilever
beams. Wavelength tuning is accomplished by ap-
plying a voltage between the top and bottom DBRs
across the air-gap cavity. A reverse bias voltage is
used to provide the electrostatic force,which at-

7 X (1- R)(1- e’ (1)

tracts the cantilever beam downward to the sub-
strate and shorten the air-gap cavity ,thus tuning
the mode wavelength toward a shorter wavelength.
The wavelength shift AN ,changes linearly with the
cavity length change,
2 _yAL 3

whereA L is the cavity length change,andy is a
constant dependent on the optical structure of the
F P cavity Ao and Lo are the initial center wave-
length and resonant cavity length ,respectively. Be-
cause wavelength tuningis realized by mechanically
modulating the effective length, this wavelength
tuning technique does not suffer from the short-
comings of the thermal tuning technique for which
the tuning speed is dow and the tuning range ob-
tainableis limited®* .

The bandwidth of its transmittance spectrum
is characterized by FWHM™! |
Ad(1 - Jr §)
o (RR)Y 4
where nisthe refractive index of the cavity.

FWHM =

The air-gap cavity is modulated by applying an
electrostatic bias between the top and bottom elec-
trodes. The maximum deflection is determined by
the mechanical property of the cantilever beams as
well asthe capacitive nature of the attractiveforce.
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A smple analytic approximation is given here!* |
3 l !2

Z:n_Eri"vaFx(ol-z)2 ®
where zisthe vertical displacement of the cantile
ver beam £ isthe dielectric constant of the air ,dis
the air-gap cavity thickness without applied volt-
age,U is the applied voltage, E is the Young’ s
modul us of the cantilever ,r,l,w ,and t are radius,
length, width, and thickness of the cantilever
beam ,respectively.

It can be derived from Eq. (5) that a parabolic
relationship is between the movable DBR vertical
displacement and the applied voltage because the
movable DBR and the substrate form a parallel
plate capacitor. It can be seen that reducing the
thickness ,the width of the cantilever beam and the
original thickness of the air-gap cavity ,or increas
ing the length of the cantilever beam ,or reducing
the numbers of the cantilever beam can result in
the decrease of the applied voltage.

3 Design and fabrication

The epitaxial structure of the vertical-cavity
device iscommonly designed using the transer-ma-
trix method”!. During the design process for the
MOEMS tunable RCE photodetector ,the decisons
of materials,postions and thicknesses of DBRs,
sacrificed layers, quantum well absorbing layers,
ohmic contact layers,and so on are very important
to ensure the optimal performance of the device.
Furthermore, the optimization of the fabrication
process should a 0 be taken into account in order
to make the fabrication as easy as possble.

Figure 1 is a schematic diagram of epitaxial
structure of the device grown on the n-doped GaAs
substrate by metal organic chemical vapor depos-
tion (MOCVD). A resonant cavity photodetector
was formed by incorporating 6 5 pairs Ino.2 Gao.s
A/ GaAs strained quantum wells absorbing layers
between two DBRs. The top and bottom DBRs
were composed of 8 5 and 23 pairs ntype GaA¢
Alos Gao.2 As 1/ 4 wavelength stacks,respectively.

The sacrificed layer was AlAs. The p doped GaAs
spacer layer below the sacrificed region should be
heavily doped in order to obtain good ohmic con-
tact. The resonant mode of epitaxial structure was
designed at 980nm.

n electrode
—
GaAs ndoped 69.5nm 10"
Al Ga ,As ndoped 80.2nm 10*®
> 8 pairs
GaAs ndoped 69.5nm 0%
Al Ga ,As ndoped 80.2nm 10* J
GaAs ndoped 69.5nm 10®
AlAs  ndoped 1470nm p electrode
——
GaAs p doped 139nm 5%10"cm?
i-GaAs undoped 130nm
i-In. _Ga _As undoped 7nm
1,08, 5 pe 6 pairs
i-GaAs undoped 10nm

i-In; Ga  As undoped 7nm

i-GaAs undoped 110nm
Al Ga ,As ndoped 80.2nm A
GaAs ndoped 69.5nm
> 23 pairs
Al Ga ,As ndoped 80.2nm
GaAs ndoped 69.5nm )
GaAs buffer layer 500nm
ntype GaAs substrate n electrode
T

Fig.1 Schematic diagram of epitaxial structure of the
MOEMS tunable RCE photodetector

As the maximum deflection of the cantilever
beams approximates 1/ 3 air-gap cavity (referred to
as the 1/ 3-rule,can be obtained by solving Eq.
(5)) it isnatural to assume the larger air-gap cavi-
ty is better. However ,increasng the air-gap cavity
leads to a longer effective cavity length ,which re-
sultsin a narrower F-P mode separation ,and thus a
smaller overall tuning range. Moreover ,increas ng
the air-gap requires higher tuning voltage. Hence,
an optimum design is needed. We select the thick-
ness of the air-gap cavity to be 1 5\.
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The MOEMS tunable RCE photodetector
schematic structure was shown in Fig. 2. In order
to reduce the tuning voltage ,we adopted the single
cantilever beam structure. The movable top DBR
was supported in a freely suspended cantilever
beam. The formation of the air-gap cavity was ac
complished by selective etching of the AlAs sacri-
ficed layer against GaA s Alos Gao.2 As materials.
The two mesasin the device structure were formed
by norrselective etching process to expose the sac-
rifice layer and isolate the devices, respectively.
There are three electrodes on the surfaces of the
top DBR ,the high-doped GaAs layer ,and the bot-
tom of the substrate ,respectively. The n and p type
electrodes on the surfaces of the top DBR and the
high-doped GaAs layer created the electrostatic at-
traction changing the thickness of the air-gap cavi-
ty. The n type electrode on the bottom of the sub-
strate and the p type electrode on the surface of
high-doped GaAs layer created the bias voltage of
the photodetector.

ectrod Cantilever
n electro beam
Vi Top DBR
Air-gap cavity ojectrode
pa Absorbing
layers
I —— Bottom DBR
n electrode

Fig.2 Schematic structure of the MOEMS tunable
RCE photodetector

The length and width of the cantilever beam
were 170 and 2Qu m ,respectively. The center DBR
was a circle with a 6Qu m diameter. According to
Eq. (2) for the top normal-incident RCE photode-
tector ,the reflectivity of the top DBR has a opti-
mum value, 0 the thickness of the cantilever is
fixed(the reflectivity of the DBR is determined by
the pairs of the 1/4 wavelength stacks.). The
thickness of the top movable DBR of the device
which was optimized according to Eq. (2) wasonly
120 m.

We utilized a developed technology which is
compatible with the technologies of standard sur-
face micromaching and photodetector fabrication.
The most important process stepsin fabricating are
the formation of high quality air-gap cavity ,the de-
creasng of dark current ,and the elimination of the
sticking and collapsing phenomena. More details a
bout the non-selective and selective etching tech-
nologies to form the air-gap cavity in the developed
fabrication process can be found in Ref.[10]. Fig-
ure 3 shows the SEM photo of the air-gap cavity of
the device formed successully by these etching
technologies. The dark current is due to the short-
comings of a serial of process steps such as crystal
growth, substrate cleaning, S0O: deposition and
peeling ,and 0 on. The sticking and collapsing phe-
nomena which are very ordinary in the MOEMS
fabrication process have been eliminated bascally
by usng some new process, while there is still
much more effort devoted to decreasng the dark
current of the device by optimizing the fabrication
processes. The optical microscopy image of the fab-
ricated MOEMS tunable RCE photodetector is
shownin Fig. 4.

Fig.3 SEM photo of the air-gap cavity of MOEMS
tunable RCE photodetector

Fg.4 Optica microscope image of the MOEM S tuna-
ble RCE photodetector
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4 Resultsand discussion

Usng a micro-spot spectrum analyzing sys
tem,the MOEMS tunable RCE photodetector re-
sponse spectrum was measured. The incident mon-
ochromatic light of varying wavelengths produced
by decomposing a beam of white light by grating
was focused on the top DBR of the device whose
photodetector was biased by 3V DC. The photoe-
lectric response of the device waslow without bias.
The measured representative reponse spectra were
shown in Fig. 5. As increasng the tuning voltage
from O to 6V ,the FP wavelength shifted 31nm
from 965nm to 934nm. During the course of tun-
ing ,the peak quantum efficiencies of the device un-
der 3V bias reached the maximum 36 9 % and min-
imum 30. 8 % responsing at the 950nm and 965nm ,

31nm
4000 4V
6V s5v 3V v
5 ov
< 3000
L
£
2 2000
7]
=4
1000
1] 3 1 I 1 1 1
930 940 950 960 970 980
Wavelength/nm

FHg.5 Measured response spectra of the device under

different tuning voltage The photodetector is biased

by 3V DC.

resgpectively , and the change range of the peak
quantum efficiency was below 7 %. The maximum
peak quantum efficiency was far lower than the
theoretical value(95 %) ,which was due to the lack
of an anti-reflection coating at the top surface and
the light scatter loss at the interfaces of the air-gap
cavity and semiconductor materials. The wave
length shift versus the applied voltage for the de-
viceis shownin Fig.6. It isobvious that they have
a good parabolic relationship which agrees with
Eqg. (5) well.

The maximum and minimum FWHM of the

9651
9601
955
950
9451
940}
935
9301

Wavelength/nm

Voltage/V

Fg.6 Wavdength shift versus applied voltage for the
device

device during tuning were 14nm and 20nm respon-
dsng at the 950 and 934nm respectively. The
FWHM broadening phenomenon during tuning is
obvious. The broadening of the FWHM was mainly
caused by the cavity length undulation which is o-
riginated from the deviation of the DBR thick-
ness™ . The deformation of the DBR during tuning
and drawbacks in epitaxial materias of the DBR
could broaden the FWHM of the device too. Be-
Sdes these factors,the wider incidence and emis
son dots of monochromator also resulted in the
FWHM broadening. It’ s available to decrease the
FWHM of the device by improving the crystal
quality or utilizing a tunable laser as the source.
The dark current results of the device under
different biasare shownin Fig.7. The dark current
is4 59%x10 "A at OV ,which corresponds to a dark

10-3 -
S0+
=1
E
: 105}
&
o

10°F

1 L 1 1 1 1 S I |
-25-20-15-1.0-05 0 05 10 15 20

Voltage/V

Fig.7 Dark current of the device under different bias

current density of 7. 46A/ m* ,which was exceed-
ingly highfor aphotodetector ,and the dark current
dengty increases rapidly with the bias increasng.
The high dark current (which also meanslow signal
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to noise ratio) is due to the excessve drawbacks
and didocationsin depletion layers of the quantum
wells and unperfect fabrication process techniques.

In the course of fabrication and testing, we
found the mechanical reliability and strength of the
cantilever beams were weak which resulted in the
failure of many devices. Especially during the selec
tive wet etching process,the cantilever beams of
many devices often collapsed because of capillary
forces” ™. Although we adopted some effective
ways to eliminate the capillary forces,the mechani-
cal strength of the device are still to be increased in
future work by usng a four-arm cantilever struc-
ture™ or increasing the thickness of the cantilever
beams™ without deteriorating the optical charac-
ters,and 0 on.

5 Conclusion

In summary ,we have demonstrated a GaAs

based MOEMS tunable RCE photodetector with a
sngle cantilever beam. The device has a 31nm tun-
ing range under a low 6V applied voltage. During
the tuning, the maximum value and the change
range of peak quantum efficiency are 36. 9 % and
below 7 %, regectively. The minimum and maxi-
mum FWHM are 14nm and 20nm, respectively.
The dark current density is 7. 46A/ m’. It is the
first timein China to fabricate this MOEMS tuna
ble photodetecotor succesd ully.
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